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ABSTRACT 

A pseudo-Nambu-Goldstone boson, with a potentid of the form V(d) = A’[1 f 
cos(+/f)], CM naturally give rise to an epoch of inflation in the early universe. Successful 
in&tion cau be achieved if f - w and A - rno~~. Such maw wdw arise in par&be 
phyaicr mod& with a gauge group that becomes strongly i&meting at the GUT sea+, 
e.g., M is expected to happen in the hidden acctor of super&ring theories. The density 
fluctuation rpectrum is .s non-scde-invariant power law, with extra power on large scdea. 

In recent years, the inflationary universe haa been in a state of theoretical limbo: it 
is a beautiful idea in search of a compelbng model. The idea is simple[l]: if the early 
universe undergoes an epoch of exponentid de Sitter expansion during which the scale 
factor incresses by a factor of at least e @O, then a rzuall causally connected region grows to 
a suiliciently large aim to explain the observed homogeneity and isotropy of the universe, 
to dilute any overdensity of magnetic monopoles, and to flatten the spatial hypersurkes, 
0 z 8rGp/3E1 + 1. As a bonus, quantum fluctuations during inflation can causally 
generate the large-scde density fluctuations required for gdaxy formation. 

During the in%ationary epoch, the energy density of the universe is dominated by the 
(nearly constant) potentid energy density V(g) associated with a slowly rolling scalar 
field 4, the it$aton [Z]. To ratisfy microwave bachground auisotropy limits [3] on the 
generation of demity fluctuations, the potentid of the idaton must be very flat. Con- 
sequently, d must be extremely weahly eelf-coupled, with efktive quartic self-coupling 
const&nt A, < lo-” - 10-l’. 

Thus, density fluctuations in inflation are a blessing to astronomers but a curse on 
particle physicists: dthough a large number of inflation models have been proposed [4], 
none of them is aestheticdly compelling from a particle physics standpoint, In some 
cases, the smallness of A+ is protected agsinst radiative correctiona by a symmetry, e.g., 
supersymmetry. However, the small coupling, while stable (technically naturd), is itself 
unexplained, and is postulated solely in order to generate succestdul inflation. In recent 
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years, it has become customary to decouple the in&ton completely from particle physics 
models, to specify an ‘in&ton sector’ with the requisite properties, with little or no 
regard for its physical origin. It would be preferable if the small coupling of the inflaton 
arose dynamically in particle physics models which are atmnglg natural, i.e., which have 
no small numbers in the Lagran+. 

An example of the kind of thing we want, namely, a scalar field with naturally smdl 
self-coupling, is provided by the axion [5]. Iu axion models, a global V(1) symmetry 
is spontaneously broken at some large mass scale f, through the vacuum expectation 
value of a complex scalar field, (8) = f exp(ia/f). (In this case, 0 has the familiar 
Mexican-hat potentid, and the vacuum is a circle of radius f.) At energies below the 
scale f, the only relevant degree of freedom is the massless axion field a, the angular 
Nambu-Goldstone mode around the bottom of the * potentid. However, at a much 
lower scde, the symmetry is explicitly broken by loop corrections. For example, the QCD 
axion obtains a mass from non-perturbative gluon con+rations (instantons) through the 
chird anomdy. When QCD becomes strong at the scale Aqo~ N 100 MeV, instanton 
effects give rise to a periodic potentid of height - AIQcD for the axion. In ‘invisible’ axion 
models [6] with canonicd Peccei-Quinn scale fp9 N 10” GeV, the resulting ruion self- 
coupfing is h N (&m/fpQ)’ - lo-ss. This simply reflects the bierarcby between the 
QCD and Peccei-Quinn scdes, which arises from the slow logarithmic running of aQ=“. 
Since the global symmetry is restored as A + 0, the flatness of the axion potentid s 7 
natural. 

Pseudo-Nambu-Goldstone bosons (PNGBs) like the axion are ubiquitous in particle 
physics models: they arise whenever a global symmetry is spontaneously broken. We 
therefore choose them as our candidate for the inflaton: we assume a globd symmetry 
is spontaneously broken at a scde f, with soft explicit symmetry breaking at a lower 
scale A; these two scdes completely characteriee the model and will be specified by the 
requirements of successful inflation. The resulting PNGB potentid is generally of the 
form 

V(4) = A.11 + -(4/f II . 0) 
so the potentid, of height 2A’, has a unique minimum at 4 = rf. As we will see below, for 
f - 7rLp( - 10 lo GcV and A - rnC”T - 10 ls GeV, the PNGB field 4 can drive inflation 
[7]. (Note that in this case, the effective quartic coupling is A,+ N (A/f)’ N 10-‘3, as 
required.) These mass scales arise naturally in particle physics models. For example, 
in the hidden sector of superstring theories, if a non-Abeliau subgroup of Ea remains 
unbroken, the running gauge coupling can become strong at the GUT scale; indeed, it is 
hoped that the resulting gaugino condensation may play a role in breaking supersymmetry 
[8]. In this case, the role of the PNGB in&ton could be played by the “model-independent 
axion” [S]. 

For temperatures 2’ 5 f, the globd symmetry is spontaneously broken. Since .$ 
thermally decouples at a temperature T N f’/m,r N f, we assume it is initially laid 
down at random between 0 and 2xf in different causally connected regions. Within each 
Hubble volume, the evolution of the field is described by 

4+3Hd+rd+V’(4)=0, (2) 
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where I’ is the decay width of the inflaton. In the temperature range A 5 T 5 f, 
the potential V(4) is dynamically irrelevant, because the forcing term V’(4) is negligi- 
ble compared to the Hubble-damping term. (In addition, for axion models, A + 0 as 
T/A + co due to the high-temperature suppression of instantons.) Thus, in this tem- 
perature rauge, aside from the smoothing of spatial gradients in 4, the field does not 
evolve. Finally, for T s A, in regions of the universe with 4 initially near the top of the 
potential, the field starts to roll slowly down the hill toward the minimum. In those re- 
gions, the energy density of the universe is quickly dominated by the vacuum contribution 
(v(d) = 2A’ 2 Prod N T’), and the universe expands exponentially. Since the initial 
conditions for 4 are random, our model is closest in spirit to the chaotic inflationary 
scenario (lo]. 

To successfully solve the cosmologicd pus&s of the standard cosmology, an infla- 
tionsry model must satisfy a variety of constraints. 

1) Slow-Rolling Regime. The field is said to be slowly rolling (SR) when its motion 
is overdamped, i.e., 4 << 3li4, and two conditions are met: 

and 

IV”(qi)l 5 9E’ , i.e., /-Jf$z 

I I v’(~)mpl < ~ i e W4/f 1 &f 
V(4) - ’ * -’ 1 +cos(0/f) s mpl - 

(31 

(4) 

From Eqns. (3) and (4) the existence of a broad SR regime requires f 2 na,l/@ 
(required below for other reasons). The SR regime ends when 4 reaches a value 42, at 
which one of the inequalities (3) or (4) is violated. For example, for f = m,,l, &/f = 2.98 
(near the potentid minimum), while for f = m,l/&, &/f = 1.9. As f grows, #z/f 
approaches x. (Here and below, we assume inflation begins at a field value 0 < &/f < a; 
since the potential is symmetric about its minimum, we can just as easily consider the 
case r < l$l/f < 2s.) 

2) Suficient inflation. We demand that the scale factor of the universe inflates by 
at least 60 e-foldings during the SR regime, 

N..(b1,&, f) s ln(Ra/&) = 1” Hdt = -8r 1” F@ 

- ~+4i4;;;~;6:1. v(d) 

Using Eqns. (3) and (4) to determine 4s as a function of f, the constraint (5) determines 
the maximum vdue (@‘“‘) of 41 consistent with sufticient in5ation. The fraction of the 
universe with ~1 E [O,dy=] wilI inflate suf&iently. If we ~sume that & is randomly 
distributed betwe-en 0 and Irf kom one horizon volume to another, the probability of 
being in such a region is P = @“‘/rf. For example, for f = 3m,,~, m,l, m,,l,a, and 
mpr/&, the probability P = 0.7, 0.2, 3 x lo-‘, and 3 x lo-“. The &action of the 
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universe that inflates sufiicientiy drops predpitousiy with decreasing f, but is large for f 
near mpl. This is shown in Fig. 1, which displays log(&““‘/f) = 0.5 + 1ogP and &/f. 
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3) Den&y Fbefuotionr. Idationary mod$s generate den&y fluctuations [ll] with 
amplitude at horiaon crossing bplp u Q.lE’f& whae the right hand side is evaluated 
when the fluctuation crossed outside the horizon during intlation. Fluctuatioua on ob- 
aervdde scdes arc produced 60 - 50 &klinga b&re the end of in&tion. The 1-t 
amplitude perturbations are produced 60 e-foldine;r before the end of in&&ion, 

!E.-. 0.3A’f an 
p-m;, T ( > 

s’a [1+ CO8(qy’/f)]“” . 
~B(#-‘/f) 

Constraints on the anisotropy of the microwave bachground [3] require 6p/p 5 5 x 10-s, 
i.e., A < 2 x 1Olg GeV for f = m,r and A 5 3 x 1Ors GeV for f = m&2. This bound 
on A as a function of f is also shown in the figure. Thus, to generate the fluctuations 
responsible for large-scale structure, A should be comparable to the GUT scale, and the 
idaton mass m+ = A’/f m 10” - 10” GeV. 

In this model, the fluctuations deviate from a scale-invariant spectrum: the ampli- 

tude at ho&on-crossing grows with mass scale M as 6p/p N M”:l/4ar~‘. Thus, the 
primordial p,ower spectrum (at tied time) is a power Isa, )6bjz N k”, with spectral index 
u = 1 - (m:,/81rfz). The extra power on large acdea (compared to the scale-invariant 
u = 1 spectrum) may have important implications for large-scale structure [12]. 

4) Reheating. At the end of the SR regime, the field 4 oscillates about the min- 
imum of the potential, and gives rise to particle and entropy production. The decay 
of qS into fermions and gauge bosons reheats the universe to a temperature Z’RH = 
(45/4r3g.)‘14&, where g . is the number of relativistic degrees of freedom. On 
dimensional grounds, the decay rate is I’ z gZm+3/fa = g2As/f5, where g is an effec- 
tive coupling constant. (For example, in the origind exion model (3,6], g o( IBM for 
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twophoton decay, and gs o( (m+/m+)s for decays to light fermions $.) For f = n-+.l 
and 6. = 10s, we find TRH = 1Osg GeV, too low for conventional GUT bsryogen- 
esis, but high enough if baryogenesis takes place at the electroweak scale. Alterna- 
tively, the baryon asymmetry can be produced directly during reheating through baryon- 
violating decays of 4 or its decay products. The resulting baryon-to-entropy ratio is 
ns/s z cT~~/rn.+ m egAff N lo-‘cg, where c is the CP-violating parameter; provided 
eg 2 10-s, the observed asymmetry cm be generated. 

In conclusion, a pseudo-Nambu-Goldstone boson, e.g., a heavy (non-QCD) axion, 
with a potential that arises naturdly from particle physics models, can lead to successful 
inflation if the global symmetry breaking scale f N tn,c and A N rn~u~. 
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